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Abstract: Remote sensing is an effective way in monitoring desertification dynamics in arid and semi-arid 
regions. In this study, we used a decision tree method based on NDVI (normalized difference vegetation 
index), SAVI (soil adjusted vegetation index), and vegetation cover proportion to quantify and analyze the 
desertification in Eritrea using Landsat data of the 1970s, 1980s and 2014. The results demonstrate that 
the NDVI value and the annual mean precipitation declined while the temperature increased over the past 
40 a. Strongly desertified land increased from 4.82% 104 km? (38.5%) in the 1970s to 8.38104 km? (66.9%) 
in 2014: approximately 85% of the land of the country was under serious desertification, which 
significantly occurred in arid and semi-arid lowlands of the country (eastern, northern, and western 
lowlands) with relatively scarce precipitation and high temperature. The non-desertified area, mostly 
located in the sub-humid eastern escarpment, also declined from approximately 2.1% to 0.5%. The study 
concludes that the desertification is a cause of serious land degradation in Eritrea and may link to climate 
changes, such as low and unpredictable precipitation, and prolonged drought. 
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1 Introduction 


Land degradation in arid, semi-arid and sub-humid areas is described as desertification, which is 
the response to human factors as well as climate change (McGlynn and Okin, 2006; Veron et al., 
2006; Xue et al., 2009; Xu et al., 2010; Cui et al., 2011; Lam et al., 2011; Dawelbait and Morari, 
2012; Wang et al., 2012; D'Odorico et al., 2013; Li et al., 2013; Xue et al., 2013; Zhou et al., 
2013; Dardel et al., 2014; Ghebrezgabher et al., 2014; Becerril-Pina et al., 2015; Wu et al., 2015; 
Lamchin et al., 2016). Desertification is the most serious form of environmental degradation that 
covers 40% of the global land surface (Veron et al., 2006; Wang et al., 2012; Sun, 2015; Zandler 
et al., 2015), affecting Africa in particular. Desertified land covers approximately one third of the 
continent of Africa including the Sahara, southern Africa (Kalahari and Namibia) and east Africa 
(Eritrea, Ethiopia, Somalia and Sudan) (Senut et al., 2009). Although scientists consider that 
desertification has a strong association with human activities related to agricultural expansion, 
overgrazing, deforestation and urbanization, climate change, such as infrequent, erratic 
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precipitation, drought and high evapotranspiration, may also cause desertification. The impact of 
climate change on desertification is very complex (Xue et al., 2009; Zhou et al., 2013; Landmann 
and Dubovyk, 2014; Xu et al., 2014; Becerril-Pina et al., 2015). Desertification is a more 
significant environmental issue in less developed countries than in rich ones (Seely et al., 2008) 
and has a serious impact on the poorest populations of the world (Verstraete et al., 2008). 

Climate change caused frequent and prolonged drought in Africa, particularly in the Horn of 
Africa (Senut et al., 2009). As an indicator of climate change (Senut et al., 2009; Stringer et al., 
2009; Vicente-Serrano et al., 2012; Gao and Zhang, 2016), drought may accelerate 
desertification-related land degradation and adversely affect household wellbeing (Stringer et al., 
2009). The reduction of precipitation in the 1970s and 1980s in Africa, mainly in the Sahelian 
countries, caused moderate to severe drought and increased desertification (Voortman, 1998; 
Nyssen et al., 2004; Xue et al., 2009; Batisani and Yarnal, 2010; Hein et al., 2011; Brandt et al., 
2014). The droughts in 1973—1974, 1984, the 1990s and 2000s affected a large number of people 
in Ethiopia (Nyssen et al., 2004; Conway and Schipper, 2011; Dardel et al., 2014) and Eritrea. 

Remote sensing is an effective way in monitoring and managing desertification dynamics 
globally. Desertification has a direct association with the loss of production capacity in an 
ecosystem. Degradation of vegetation, soil properties and ecosystem production are all indicators 
of desertification (McGlynn and Okin, 2006; Wang et al., 2012; D'Odorico et al., 2013; Brandt et 
al., 2014; Ghebrezgabher et al., 2014; Xu, 2014; Zandler et al., 2015). Remote sensing data is 
more efficient in terms of cost, time and mapping of land degradation than fieldwork and it is 
productive when combined with GIS (Bakr et al., 2012). Different vegetation index models have 
been developed to monitor desertification and classify land use from remote sensing images. The 
most common vegetation indexes are NDVI (normalized difference vegetation index), SAVI (soil 
adjusted vegetation index), MSAVI (modified soil adjusted vegetation index) (Xu et al., 2009; Cui 
et al., 2011; Dawelbait and Morari, 2012; Li et al., 2014; Yang et al., 2014) and albedo index (Ma 
et al., 2011; Lamchin et al., 2016). NDVI is the index most commonly used to analyze vegetation 
cover (Hill et al., 2008; Cui et al., 2011; Li et al., 2013; Landmann and Dubovyk, 2014; Yang et 
al., 2014; Lamchin et al., 2016) and can be used to analyze the relationship between vegetation 
and precipitation, particularly in the Sahelian countries (Herrmann et al., 2005). Without prior 
knowledge of the condition of a region, changes in vegetation can be observed using the NDVI 
analysis method from local to global scales (Petta et al., 2013; Dardel et al., 2014). 

This study aims to monitor and analyze the dynamics of desertification and to assess the 
climate change as a driving factor in Eritrea. We used vegetation indexes of NDVI, VCP 
(vegetation cover proportion) and SAVI to quantify the degree of desertified land in the 1970s, 
1980s and 2014 based on Landsat data with the help of ENVI 4.7 and ArcGIS 9.3. We found the 
NDVI to be the most useful measure of vegetation change and hence desertification. Desertified 
land refers to a place that has already been subject to desertification in this study. 


2 Materials and methods 


2.1 Study area 


Eritrea is a small country (12°22’-18°02'N, 36°26’-43°13’E; Fig. 1) situated in the Horn of 
Africa, bordered with Ethiopia to the south, the Red Sea to the east, Djibouti to the southeast and 
Sudan to the west. The area of the country is 0.12510° km? and the population is about 6.3x10°. 
Eritrea is one of the poorest countries in Africa (Ogbazghi and Bein, 2006). The agriculture, 
herding and fishing are the primary economic activities, involving about 80% of the population. 
Eritrea has a very complex topography, including mountains, plateaus, hills, valleys, highlands, 
lowlands and escarpments. The elevation of the country ranges from below sea levels in the north 
to about 3013 m a.s.l. in the south. The climate varies with the topography as well. It is hot in the 
lowlands and cold in the highlands. The amount of precipitation also varies between the lowlands 
and highlands, where the eastern escarpment receives the highest annual precipitation (above 900 
mm/a). Land degradation is severe in the country where arid and semi-arid land predominates. 
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Thus, desertification, deforestation, and soil erosion are the major environmental problems, which 
are mainly caused by human activities and climate variations such as frequent and prolonged 
drought (Teklay, 1999; Nyssen et al., 2004; Ogbazghi and Bein, 2006; Tekeste et al., 2007; 
MLWE, 2012; Ghebrezgabher et al., 2014). 
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Fig. 1 Location of Eritrea and some selected samples in the NDVI (normalized difference vegetation index) 
map of 2014. SDL, strongly desertified land; MDL, moderately desertified land; SLDL, slightly desertified land; 
WDL, weakly desertified land; NDL, non-desertified land. 


2.2 Data and methods 


2.2.1 Landsat data selection 


Remote sensing data for this study were freely downloaded from the United States Geological 
Survey (https://www.usgs.gov) and the free of cloud cover images were chosen. The MSS 
Landsat_1, MSS Landsat_5 and ETM+ Landsat_7 were downloaded for the 1970s, 1980s and 
2014. We selected 13 images from the 1970s, 15 images from the 1980s and 2014, with 57, 60 
and 30 m spatial resolutions, respectively. The projection of the satellite data used here ranges 
from zone 36N to 38N at datum WGS-84 and was scanned at different sun elevations. The DEM 
(digital elevation model) for this study was obtained from the Shuttle Radar Topography Mission 
(http://gdem.ersdac.jspacesystems.or.jp/search.jsp). 

2.2.2 Climate and population data 


The annual population data for the period 1960-2013 were freely downloaded from 
https://www.quandl.com/data/UN/DEV_POPULATIONTOTAL ERI-Population-Total-Eritrea 
and validated at http://data.un.org/browse.aspx. The gridded mean annual precipitation and annual 
mean temperature (1970-2010; with 0.25-degree resolution) were obtained from the University of 
Delaware at http://climate.geog.udel.edu/~climate/html_pages/download.html. For temporal and 
spatial analysis, we selected 10 weather stations within and outside Eritrea (Fig. 1). A linear trend 
and standardized precipitation index (SPI) (McKee et al., 1993; Li et al., 2014; Karabulut, 2015; 
Gao and Zhang, 2016) were used to analyze the trend of climate change and drought conditions 
(Table 1). The SPI is defined as Equation 1. 


SPI=Pam—Pim/Sn, (1) 


where Pam is the monthly average precipitation (mm); Pim is the mean annual precipitation (mm); 
and Sn is the standard deviation. 

2.2.3 Landsat image pre-processing 

Satellite image pre-processing was carried out in ENVI 4.7. The red and near infrared bands were 
imported and calibrated. The geometrical and atmospheric corrections were also applied. We used 
a layer-stacking tool to convert the red and near infrared bands into a layer file and mosaicked 
them into a single file for each period. The nearest-neighbor resampling method was used in 
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datum WGS-84 and a building mask was applied to fill the gap in the ETM+ Landsat images. The 
mosaicked images were projected at WGS-84 datum, zone 37N and resampled to 30-m spatial 
resolution. The masking method was applied to extract the study area from the Landsat images 
(Ma et al., 2011; Petta et al., 2013). 


Table 1 Extremity of drought conditions based on the SPI (standardized precipitation index) 


SPI Extremity of drought 
0.00 to —0.99 Mild 
—1.00 to —1.49 Moderate 
—1.50 to —1.99 Severe 
<-2.00 Extreme 


2.3 Selection of indices 


2.3.1 Normalized difference vegetation index (NDVI) 


The NDVI is the most widely used index to classify desertified land (Xu et al., 2009; Cao et al., 
2011; Cui et al., 2011; Dai et al., 2011; Ma et al., 2011; Yang et al., 2014). Vegetation indices 
based on remote sensing data are most relevant for determining the proportion of vegetation 
cover. The NDVI index was used to estimate the spatial distribution of vegetation change in 
Eritrea from the 1970s to 2014. The NDVI is more sensitive to the present vegetation conditions, 
with photosynthetically active radiation, as it is measured from red and near infrared bands 
(Elhadi and Zomrawi, 2009; Petta et al., 2013). The value of the NDVI was low in this study and 
may have been affected by soil brightness. Thus, locally, the NDVI value in forested land 
(non-desertified land) was above 0.315 and less than 0.101 in strongly desertified land (Table 2). 
NDVI is given as: 


NDVI= (NIR = red) i (2) 
(NIR + red) 


where NIR and red refer to near infrared and red bands, respectively. 

2.3.2 Vegetation cover proportion (VCP) 

The VCP describes the density of vegetation based on the branches, leaves and stems of trees or 
vegetation. The VCP relies on the maximum and minimum NDVI, which respectively, refers to 
vegetation and soil cover (Cui et al., 2011). The VCP value is positive, varying between 0 and 1 
(Wang et al., 2012). In this paper, values of VCP<0.54, 0.54—-0.58, 0.58-0.61 and 0.61—0.64 
indicate strongly, moderately, slightly and weakly desertified lands, respectively; and VCP>0.64 
is non-desertified land (Table 2). The VCP is calculated as: 


(NDVI = NDVI \y) 


VCP= : 
(NDVI unax — NDVI iy) 


(3) 
where NDVImax and NDVImm are the maximum and minimum values of NDVI, respectively, 
that refer to the values of NDVI associated with vegetation and soil. 

2.3.3 Soil adjusted vegetation index (SAVI) 

The NDVI value is the total reflection of a given pixel, in which the amount of soil brightness 
directly or indirectly influences the NDVI of vegetation. Therefore, the soil adjusted vegetation 
index (SAVI) method has been developed to minimize the effect of soil brightness in the NDVI 
value, particularly in arid and semi-arid regions, where sparse vegetation cover is typical. The 
SAVI depends on near-infrared and red bands, with a constant "L" factor to adjust the influence of 
soil brightness (Huete, 1988; Gilabert et al., 2002; Aggarwal and Minz, 2013). The L factor is 
zero in a highly vegetated canopy, which is the same as the NDVI value. However, the L factor is 
0.5 for a very sparsely vegetated canopy and is 1.0 for a moderately vegetated canopy. Since more 
than 70% of the study area is either arid or semi-arid land (MLWE, 2012), the SAVI is significant. 
The L was 0.5 to be applied to all pixels except in some areas under a very highly vegetated 
canopy. Values of SAVI>0.68 and SAVI<0.50 are considered as non-desertified and strongly 
desertified land, respectively (Table 2). The SAVI is defined as: 
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_ (NIR -red +L) 
(NIR +red +L)’ 


where NIR is a near-infrared band; red refers to the red band; and L is the constant factor. 


NDVI (4) 


Table 2 Desertified land types from NDVI and vegetation cover from VCP and SAVI 


Degree of desertified land NDVI VCP SAVI 

Strongly <0.101 <0.54 <0.50 
Moderately 0.101-0.145 0.54-0.58 0.50-0.56 
Slightly 0.145-0.215 0.58-0.61 0.56-0.60 
Weakly 0.215-0.315 0.61-0.64 0.60-0.68 

Non >0.315 >0.64 >0.68 


Note: NDVI, normalized difference vegetation index; VCP, vegetation cover proportion; SAVI, soil adjusted vegetation index. 


2.4 Classification assessment 


The assessment of classification for the different desertification grades was completed using a 
decision tree (DT) method. The DT is a useful non-parametric method (Obade and Lal, 2013) in 
the evaluation of variations in the land surface due to desertification stress. It is one of the most 
common methods of land use classification from remote sensing data. Researchers have used the 
method to assess the degree of desertification and classify vegetation changes using different 
indexes, in particular the NDVI (Xu et al., 2009; Ma et al., 2011; Xu et al., 2014, Yang et al., 
2014; Lamchin et al., 2016). 

In this study, a DT model was completed using samples selected from fieldwork at a local area 
to identify indices for each desertification category, and then applied to the whole study area. In 
addition, a high resolution Google Earth DEM was used as a reference to enhance the accuracy of 
classification (Fig. 2). We selected 200, 150, 120, 100 and 80 samples for strongly, moderately, 
slightly, weakly and non- desertified lands, respectively, to control and determine the threshold 
value for each grade of desertification in recent years. The average threshold values were 
investigated for each vegetation index (Table 2). For instance, the NDVI value for the 
non-desertified land under forest cover, which was determined from data available at 
http://www.fao.org/forestry/country/18314/en/eri/ (FAO, 2000), was lower than expected 
(approximately >0.3) due to the low density of the forest. We proposed that the NDVI >0.315 is 
an average value for non-desertified land and the NDVI <0.101 can be considered as strongly 
desertified land. We applied the same threshold value for each class in the 1970s and 1980s 
images to avoid biases. All types of land cover in the three periods were scaled to display 
comparable information. The DT rule was developed for the strongly, moderately, slightly, 
weakly and non-desertified lands to analyze and evaluate the progress of desertification in 1970s— 
2014) (Fig. 3). 


N 


A 


Legend 
[I Strongly [2] Moderately 
[3] Weakly Slightly 


[3] 
ÉE Non 


Fig.2 Representative Google Earth image selected for each grade of desertified land for Eritrea in 2014 
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Fig. 3 Flowchart for desertification levels based on the DT (decision tree) method. NDVI, normalized 
difference vegetation index; VCP, vegetation cover proportion; SAVI, soil adjusted vegetation index. 


NDVIK<0.101 


VCP<0.54 
SAVI<0.50 


The land cover classification is very limited in Eritrea although the desertification and land 
degradation are major environmental issues. The Ministry of Agriculture (MOA), and the 
Ministry of Land, Water and Environment of Eritrea, and the international organizations such as 
UNCCD (United Nations Convention to Combat Desertification), UNDP (United Nations 
Development Program) and IGAD (Intergovernmental for African Development) have reported 
that desertification land degradation is underway in Eritrea. Different programs have been 
designed and implemented for soil conservation and to tackle desertification. However, there 
haven't being a land use map available for mapping the desertification changes. The study 
reported in this paper might be useful as a literature in this area for further study. 

The Food and Agricultural Organization (FAO) plays a great role in classification of land cover 
change in Africa, including Eritrea. FAO (2010) found that deforestation was serious in Eritrea. 
According to the Africover project (http://www.glcn.org/activities/africover_en.jsp), only 14% of 
the study area is suitable for cultivation, also indicating that desertification is underway in Eritrea. 


3 Results 


3.1 Dynamics of desertified land 


According to the NDVI, VCP and SAVI, desertification continued in Eritrea for the last four 
decades (Table 3). Land with an NDVI value <0.101 and VCP<0.54 is considered to be strongly 
desertified, whereas land with an NDVI value >0.315 or VCP>0.64 is classified as 
non-desertified. The area suffering from strong desertification increased from 4.82x10* km? 
(38.5%) in the 1970s to 8.38*10* km? (66.9%) in 2014. The areas with moderate, slight and weak 
desertification decreased as a consequence of the increase of desertification. The non-desertified 
land declined from 2557 km? (2.0%) in the 1970s to only 641 km? (0.5%) in 2014. 

Desertification is an ongoing environmental problem in Eritrea and is severe in western, 
northwestern and southeastern study area. In the 1970s, the strongly desertified land dominantly 
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appeared in eastern and northwestern study area (Fig. 4). A significant part of western and 
southwestern of the study area was under moderate to slight desertification, but the south and the 
majority of the central highlands, eastern and western escarpments were under good vegetation 
cover. The results are in consistency with the land cover information from the Africover project. 
During 1980s—2014, desertified land increased in eastern, northern and western of the study area, 
and the vegetation cover dramatically decreased in the highlands, and northeastern and western 
escarpments. Vegetation cover remained stable in a small portion of Eritrea around the eastern 
and southwestern country, along with the Setit River, which was in agreement with Africover as 
well. In 2014, the southwestern and central highlands of the study area were dominated by the 
moderately and slightly desertified lands. 


Table 3 Desertified land dynamics based on the NDVI of the 1970s, the 1980s and 2014 


1970s 1980s 2014 
Degree of desertification Area Area Area 
Area (km) percentage Area (km?) percentage Area (km?) percentage 
(%) (%) (%) 
Strongly 48,165 38.5 60,724 48.5 83,791 66.9 
Moderately 37,494 29.9 35,100 28.0 23,556 18.8 
Slightly 21,055 16.8 20,689 16.5 15,229 12.2 
Weakly 15,967 12.8 7289 5.8 3333 2.7 
Non 2557 2.0 1435 1,2 641 0.5 
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Distribution and location of desertified land in the 1970s, the 1980s and 2014 based on the NDVI values 


3.2 Desertified land change detection 


Table 4 presents the changes of desertified lands in 1970s—1980s, 1980s—2014 and 1970s—2014. 
The results demonstrate that the strongly desertified land expanded from 1.26x10* to 2.31x104 
km? in the 1970s-1980s and 1980s—2014, respectively (Table 4). As strongly desertified land 
expanded, the area for moderately, slightly and weakly desertified lands decreased. The 
percentage of desertification decreased in the "moderately" and the "slightly" categories from 
1.9% to 9.2% and from 0.3% to 4.3%, respectively, in the 1970s—1980s and the 1980s—2014. As 


JOURNAL OF ARID LAND 


the strongly desertified land increased, the other land cover types gradually reduced. We found 
that approximately 3.56x10* km? of land became infertile due to the expansion of strongly 
desertified land and the non-desertified land reduced by 1.6% in 1970s—2014. 


Table 4 Desertified land changes from the 1970s to 2014 


1970s—1980s 1980s—2014 1970s—2014 

Degree of desertification Area change Atea Area change A Area change Atea 
2 percentage 2 percentage 2 percentage 
(km) change (%) Gen) change (%) (km’) change (%) 

Strongly 12,559 10.0 23,067 18.4 35,626 28.4 

Moderately —2394 -1.9 —11,544 —9.2 —13,938 -10.4 

Slightly -366 -0.3 -5460 —4.3 -5826 —4.6 

Weakly —8678 -7.0 -3956 -3.1 —12,634 -10.1 

Non -1122 —0.6 -794 -1.0 -1916 -1.6 


3.3 Annual changes of desertified land 


In the last four decades, the annual rate of desertification increased in the strongly desertified land 
while the rate of desertification was decrease in the other degrees of desertification and 
non-desertified land (Table 5). The highest annual rate (961.1 km?/a) of desertification appeared 
in the strongly desertified land in 1980s—2014, while the highest rate of decline recorded in the 
moderately and slightly between 1980s and 2014. The weakly and non-desertified lands were lost 
at the annual rates of 1.8% and 1.7%, respectively, from the 1970s to 2014. 


Table 5 Annual rate of desertified land in the 1970s—2014 


1970s—1980s 1980s—2014 1970s—2014 
i Annual rate Annual rate Annual rate 
Degree of desertified land of Percentage of (%) of Percentage 
desertification (%) desertification d desertification (%) 
(km?/a) (km?/a) (km?/a) 
Strongly 626.7 1.30 961.1 1.58 809.7 1.68 
Moderately -119.7 —0.32 —481.0 -1.37 -316.8 —0.85 
Slightly -18.3 —0.09 -227.5 -1.10 -132.4 —0.63 
Weakly —433.9 -2.72 -164.8 -2.26 -287.1 —1.80 
Non -56.1 -2.20 -33.8 -2.36 —43.5 —1.70 


3.4 Climate and population 


Figure 5 demonstrates that the annual precipitation and temperature increased from 1970 to 2010 
at rates of 0.24 mm/a and 0.027°C/a, respectively. However, the mean annual precipitation was 
not significant at the 95% level (R?°=0.0032, P=0.724), whereas temperature increased very 
significantly at 99% level (R°=0.75, P=0.0006). In this study, drought condition relies on the level 
of precipitation, the lower precipitation and longer period of time is insufficient for the demand of 
human activities and environment. We determined the level of precipitation based on the SPI 
value. Figure 5 indicates that dryness was recorded throughout the study period, that moderate 
drought occurred in the mid- and late-1970s and from early the 1980s to 1990, and that severe to 
extremely severe drought was recorded in 1984, 1990, 1991, 2008 and 2009. The annual increase 
in total population from 1960 to 2013 was significant at 99% (R7=0.94). 


4 Discussion 


Desertification is a serious cause of land degradation, which is mainly brought about by climatic 
changes, such as precipitation variability, temperature change, drought and human factors 
including land use change and population explosion (MOA, 2002; Xue et al., 2009; 
Ghebrezgabher et al., 2014; Xu et al., 2014). In this study, the results demonstrate that strongly 
and moderately desertified lands were respectively 8.38x10* (66.9%) and 2.36x10* km? (18.2%) 
in 2014, indicating that about 85% of Eritrea was dominated by degraded land. Furthermore, 
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(c) and population (d) in Eritrea 


aridity increased by approximately 9% from 2012 to 2014 for the agro-ecological zone of Eritrea 
(MLWE, 2012). The woodland, grassland and cultivated lands defined by Africover were about 
33.2%, 18.8% and 14.2% of the total area, respectively. The data from Africover indicate that 
about 33.8% of the country has no vegetation, and about 85% is not productive for agriculture, 
which are consistent to the results of this study. Generally, the humid part of the study area is 
slightly or weakly desertified, whereas the dry part is strongly or moderately desertified. 
Moreover, the northeastern, southeastern, and western parts of the study area are covered by sand, 
barren land, rocky and black volcanic soils, where the lands are strongly desertified and negative 
NDVI values are observed in some areas. 

Vegetation cover assessment based on Landsat data is the most common method of studying 
desertification. The DT classification method based on the vegetation indices mentioned above is 
suitable for monitoring and analyzing desertification dynamics, because it is highly sensitive to 
climate change, particularly in arid and semi-arid areas (Huang and Siegert, 2006). However, the 
driving factors on a pixel basis are difficult to investigate and identification of the appropriate 
parameters as well as the choice of a suitable spatial-temporal scale is essential for correctly 
detecting the ecosystem and assessing its sensitivity to desertification. 

In this study, we found that the vegetation cover decreased, which is in line with the findings of 
Landmann and Dubovyk (2014), although their study focused on human factors and the reduction 
of vegetation, particularly forest in Kenya and eastern Africa as a whole. The non-desertified land 
(possibly the forest land) in Eritrea dramatically decreased from 2.0% in the 1970s to 0.5% in 
2014. This result is lower than the amount of highland forest cover (0.8%) reported by MOA 
(2002) in the country. 

The mean annual precipitation decreased and annual mean temperature increased in Eritrea 
from the 1960s to 2013. Summer precipitation seriously declined in the 1960s, 1970s, 1980s, 
1990 and 1991, caused severe drought in Eritrea and the Sahel regions (Nyssen et al., 2004; 
Conway and Schipper, 2011; MLWE, 2012; Ghebrezgabher et al., 2014). This drought possibly 
caused vegetation cover to decline and increased desertification. Since the high temperature and 
low precipitation are indicators of high rates of evapotranspiration and land dryness, climate 
warming may have a great role in desertification growth in Eritrea (MAO, 2002; MLWE, 2012). 
Commonly, the growth of vegetation increases with rising temperature and precipitation. The 
vegetation cover will decrease and the rate of desertification intensifies when imbalance in the 
rate of evapotranspiration and amount of precipitation occurs (Xue et al., 2009). Thus, the main 
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climate threats in Eritrea relate to precipitation variability, including little amount, short duration 
and less intense rainfall, may lead to drought, and rarely cause flooding in the case of heavy 
rainfall (MOA, 2002). Climate change may be a significant factor that induces desertification in 
the study area, particularly areas under extremely high temperature and extremely low 
precipitation (Fig. 6). However, areas under slight or weak desertification are prevalent and 
human factors are probably be more significant. An indirect correlation derived between the 
degrees of desertification and elevation of the study area is that the lower the elevation, the higher 
the degree of desertification. The strongly and moderately desertified lands are found below 600 
m and between 600 and 1000 m; whereas, the weakly and non-desertified lands are mostly 
appeared above 1500 m. In other words, 44.7% of the area found below 600 m, more than 70% 
below 1000 m, and only 4.2% of the area is above 2000 m (Fig. 6). 
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Fig. 6 Spatial distribution of precipitation, temperature (1970-2010) and elevation of the study area 


5 Conclusions 


In Eritrea, desertification was serious in the last four decades, especially in the margins of deserts, 
and western and eastern parts of the country. The strongly desertified land started to expand since 
1970s while the moderately and weakly desertified lands shrank. The non-desertified land 
(perhaps the forest land) was also seriously declined in the last 40 a. The annual mean 
temperature significantly increased since 1970s while the annual precipitation was relatively 
stable. Drought is a serious problem in the study area, with moderate drought recorded throughout 
the study period and sometimes severe drought adversely affecting the country. Population 
increased as well since 1960s, which might be a cause of desertification due to increasing demand 
for farming, firewood and grazing. This study revealed that precipitation and temperature are 
important to the desertification in the study area although human factors have major impacts on 
desertification and land degradation as well. Therefore, immediate actions are required to 
preserve land to avoid further desertification, particularly in the highlands and southwestern part 
of the study area where the areas are dominated by slightly and weakly desertified lands. 
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